Durability of Glass-Fiber-Reinforced Polymer Composites in an Alkaline Environment
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INTRODUCTION
Steel reinforcement for concrete has been in use for many years and has been studied extensively. However, steel concrete reinforcement has a high susceptibility to corrosion due to highly alkaline concrete pore solution (~ pH 13.2). As a result of this high susceptibility, alternative materials that can replace steel reinforcement are being sought. One such material is glass fiber reinforced polymer (GFRP). Polymers are superior for corrosion resistance when compared to carbon steel, but lack the load bearing ability of steel. However, when combined with E-glass fiber as the composite load bearing component, a polymer matrix with E-glass fiber possesses great potential for replacing steel rebar in concrete. One drawback to GFRP reinforcement is a lack of long-term durability data. (1) GFRP contains a load bearing glass fiber structure bonded with a polymer matrix to maintain the proper stiffness and load distribution within the composite material. Although many types of fiber reinforced polymers (FRPs) exist, GFRP has been in the forefront of investigation due to the relatively low cost when compared with others, such as carbon FRP (i.e. CFRP) or Aramid FRP (i.e. AFRP).
FRPs have been in use for many years in the aerospace, marine, and military fields. (2) However, application in corrosive infrastructure environments, such as Portland cement, requires additional long term aging studies. Many infrastructure applications require a material lifespan of 75 years. Prior studies suggest that upon exposure to alkaline environments, FRPs can experience tensile strength reductions up to 64% during the testing period. (3) A large reduction in tensile strength is a very serious problem when using the composite in bridge decking, buildings, and other civil structures. Therefore, more studies should be conducted to better understand the aging of GFRP in concrete environments.
The polymer matrix serves a key role, to protect the fibers from harsh environments. Most current studies involving GFRP resistance to alkaline attack focus on vinyl ester as the primary polymer of construction (4) . However, Vijay and GangaRao observed superior resistance to alkaline attack using GFRPs constructed with E-glass fiber and urethane modified vinyl ester. (3) Their results indicated that urethane modified vinyl ester (UMVE) GFRP resists aging better than isocyanurate vinyl ester GFRP when exposed to alkaline solution with and without load.
Based on their results, a study to compare urethane and urethane modified vinyl ester resin would be very appropriate.
The primary objective of this study is to determine the change in tensile strength of two types of GFRP composites upon aging in alkaline solution. GFRP with a urethane matrix and GFRP with a urethane-modified vinyl ester matrix will makeup the two sample types. GFRP aging will be simulated by exposing the samples to alkaline solution for 6 months without stress and with a sustained stress of 34.5 MPa. The diffusion coefficient of alkaline solution into the GFRP samples will be determined by measuring their mass as a function of time, and then utilizing a Fickian diffusion model.
CHAPTER 2 THEORY
FRPs (Fiber reinforced polymers) are composed of two primary components or phases. All FRPs contain a load carrying fiber phase with a polymer matrix surrounding the fibers. The polymer phase serves three purposes, to distribute stresses throughout the fiber phase, maintain the orientation of the fibers, and to act as a barrier between the fiber and corrosive environment such as alkaline solution. SiO ions continue to react with metal ions (i.e. Ca 2+ , K + , and Na + ) in the alkaline solution to produce hydrated silicates (i.e. calcium silicate hydrate) on the surface of the fibers. (5) As the reaction progresses, the glass fibers lose stiffness and tensile strength as the silica is consumed. The resultant effect is an overall loss of composite strength.
The Fiber Phase
Stress-Strain Characteristics
Composite materials generally demonstrate elastic behavior in a stress-strain diagram as shown in Figure 1 . At the start of the test, very little stress is applied to the GFRP sample yet the sample experiences significant strain. This anomaly is due to micro-stretching within the composite and straightening of the sample as the initial load is applied. Micro-stretching can occur at the polymer / matrix interface, within the polymer matrix, or within the fibers. As load is applied the sample finds its strongest configuration by allowing fibers, polymer chains, and cross-linking bonds to rearrange in order to maintain the sample's primary configuration.
Many samples form a gradual bend as the polymer cures before stress / strain testing. This "natural" bend results in sample strain during the beginning of the tensile strength test as the sample is strained into a straight configuration. When the sample reaches a straight position and no longer needs to bend, the composite fibers are stressed as they attempt to maintain their primary and strongest configuration. While the fibers are stressed, the composite experiences elastic deformation. Elastic deformation is characterized by a linear increase of stress vs. strain, indicated in Figure 1 . When the composite reaches its maximum tensile stress, the sample quickly fractures and the stress is relieved.
GFRPs do not generally experience plastic deformation. When samples are plastically deformed, their stress-strain relationship appears non-linear. When the stress is removed, the sample does not return to its original configuration unlike elastic deformation.
Diffusion in Composites
Diffusion properties of polymers and GFRPs have been studied in great depth. The Fickian diffusion model has become the most common model for moisture transport through a thin polymer film. (6) Fick's second law is given as:
where c is the concentration of the diffusing species (alkaline solution) at time t and D is the diffusion coefficient or diffusivity.
The solution of Equation 2 is given by Equation 3 in terms of mass uptake: (7) ⎥ ⎦
where M t is the mass uptake at time t, M ∞ is the maximum or ultimate mass uptake, and l is the half thickness of the polymer film. Equation 3 can be rewritten as:
However, when values of t are small (i.e. short time periods), Equation 4 can be rewritten as: (8) Bi-directional (0°/90°) E-glass fiber matting was used as the composite fiber source. The Eglass matting was obtained from Vectorply Corporation with an area density of 543 g/m 2 . The thickness of the fiber mat was measured to be 0.12cm. The urethane and UMVE sample sheets were cut into strips of 29.21 cm x 2.54 cm using a wet saw to ensure no damage to the composite fiber. The sample strips were cut such that the primary load bearing fibers were in the direction measuring 20.21 cm, and transverse fibers in the short direction, 2.54 cm. GFRP samples prepared had an average thickness of 0.135 cm with very little deviation.
Sample Preparation
Void Fraction Measurement
Void fractions of the cured samples were measured to ensure that voidage from trapped air had no measurable effect on mechanical properties of the GFRP samples. For non-aged urethane GFRP, the average void fraction was determined to be 0.95 %. The voidage for non-aged UMVE GFRP was found to be 1.04 %. A void fraction below 1.10% is said to have no significant effect on the tensile strength of the composite. (9) The fiber volume percentage of UMVE and urethane GFRPs was found to be 32.1 vol. % and 31.4 vol. %, respectively. The void fractions and fiber volume percentages of the prepared composites were determined using ASTM D 2584 (10) and ASTM D 2734. (11) Samples measuring 2.54 cm x 2.54 cm were cut from each GFRP sheet. The edges of the samples were gently sanded to remove any excess fibers protruding from the sample. The samples were then cleaned and dried. Using a caliper (0.02 mm accuracy), the samples were measured 3 times in each dimension (9 measurements in total per sample). The measurements were averaged for each dimension and then used to calculate a precise volume of each sample. Using the ignition loss method, the samples were then placed in a furnace at 575°C to burn away the polymer. The remaining fibers were then weighed and the change in mass was used to calculate the fiber weight percentage with the following equation:
where W c is the original mass of the 2.54 cm square composite sample and W g is the mass of glass fibers remaining after burning off the polymer. The fiber volume percentage can also be calculated from the acquired data using the following equation.
Fiber volume % 100
where d g is the density of the E-glass fiber and v s is the volume of the sample calculated from the measured dimensions. The density of the glass fiber was determined to be 2.565 g/cm 3 .
From ASTM D 2734, the void fraction of the samples was calculated using Equation 8 .
where V is the void fraction of the 2.54 cm square sample, M d is its measured density, r is the weight % of resin, d r is the polymer density, and g is the weight % of glass in the GFRP sample.
Tensile Strength Measurement
The tensile strength was determined by ASTM D 3039. (12) The ASTM method required the attachment of tapered reinforcing tabs on both ends of the samples for measurement of the tensile strength. The tapered tabs were prepared by cutting 2.54 cm x 5.08 cm tabs from a fiberglass tile (approximately 3.24 mm thick). Each tab was then tapered by sanding and glued to the GFRP sample using Plio Grip 7770/660 purchased from Ashland Chemical Company.
The UMVE and urethane GFRP samples were then tested for tensile strength using an Instron 5567 machine. Tensile strength was calculated by using the maximum applied force and then dividing the max force by the cross-sectional area of the respective GFRP sample.
Aging Test with Load
The experimental apparatus as shown in Figure 2 was used for sustained load aging tests. When the epoxy mixture finished curing, reinforcing tabs cut from fiberglass tiles were attached to both ends of the GFRP samples using the Plio Grip. The reinforcing tabs were sanded into a wedge shape and attached to both ends of the GFRP samples. Figure 3 shows the side view of a GFRP sample with reinforcing tabs attached to one end. The samples were removed from the frame after 6 months. The PVC pipe was cut away from the sample using a wet saw. The sample was then tested for tensile strength using an Instron Model 5567 machine. Results of the test were then compared to the tensile strength of non-aged GFRPs to determine the effect of aging with stress.
Aging Test without Load
Aging tests without load were conducted with 12 samples of both UMVE and urethane
GFRPs. The samples were submerged in 4 liters of alkaline solution (pH ~ 13.4) for 6 months.
After the 6 month period, the samples were removed from the solution. Reinforcement tabs were applied to the ends of the samples and then measured for tensile strength using the Instron machine. The tensile strength was then compared with the tensile strength of non-aged samples as well as strength results from the aging with load study.
Absorption Test for UMVE and urethane GFRP
Twelve samples of each UMVE and urethane GFRPs were submerged in 4 liters of alkaline solution. The samples were taken out daily, dried, and then weighed. The change in mass was used to plot M t /M ∞ vs. t 1/2 /2ι for all samples, where M t is the mass uptake at time t, M ∞ is the maximum / ultimate mass uptake, t is time in hours, and ι is the half thickness of the GFRP sample. According to Equation 5 , the plot should yield a straight line in the early stage, and the diffusion coefficient should be determined from the slope of the linearity.
Absorption Test for Neat Resin UMVE and Urethane
Absorption experiments with 2.54 cm Table 1 . Statistically, the Young's modulus for the two different samples appears to be the same.
Although not statistically significant, the average tensile strength of the UMVE GFRPs appears to be slightly higher. The tensile strength values obtained from the non-aged GFRP samples can now be used as a control for comparison to tensile strength values from aged samples.
Aging Test with Load
Twelve urethane GFRP samples were exposed to alkaline solution under sustained stress for 6 Results for the aging with load study for both types of GFRP samples can be seen in Table 2 . The aging with load data for the urethane GFRPs appears somewhat erratic. A slightly increased deviation for the urethane GFRP samples in Table 2 should also be noted. One can see from Table 2 that the tensile strength of urethane GFRP samples drastically decreases due to aging, from 204.7 to 86.9 MPa, a 57.5% reduction. The least aged urethane GFRP sample was found to have a tensile strength of 109.2 MPa as shown in Table 2 . This corresponds to a 46.7% reduction in tensile strength. These reduction values present a striking contrast to the reduction in tensile strength of vinyl ester GFRP subjected to aging under the same conditions, which was only 7.7% in a previous study. (14) 
Aging Test without Load
Unlike the aging test with load, the 6 month aging test without load resulted in negligible effects on the tensile strength of the urethane and UMVE GFRP samples when compared with their non-aged counterparts. Table 3 shows the results from the test for both types of GFRP samples. The tensile strength of the urethane GFRP decreased by only 5.9%, which is much lower than the 57.5% reduction with load. The large aging effect due to sustained stress is very clear when comparing with the results of aging test without load. The standard deviation of the urethane GFRP samples was 12.5 MPa or 6.5% of the measured value. When taking the standard deviation into consideration, the slight reduction in tensile strength for the urethane GFRP samples appears to be statistically insignificant.
The aging test without load for UMVE GFRP also resulted in negligible changes in the tensile strength of the aged samples. Table 3 shows that the average tensile strength of the aged UMVE GFRP samples is 202.3 MPa which is within the margin of error of the original non-aged UMVE GFRP samples (as shown in Table 1 ). Because the measured value lies within the margin of error for the original non-aged samples, it is difficult to say whether the reduction in the tensile strength for the UMVE GFRP samples is real.
GFRP Absorption Test
The results of the absorption study for urethane GFRPs are plotted according to Equation 5 and shown in Figure 4 . The plot is based on the Fickian model and is in a convenient form to determine the diffusion coefficients. As seen from Figure 4 , there are three diffusion zones: the first where the mass increases until it peaks around 10 days; in the second zone the mass decreases until around 30 days; and in the third zone the steady state mass is maintained. The first zone is believed to be predominantly absorption phase of the alkaline solution; the second zone is for also predominantly dissolution of the fiber by alkaline solution and then desorption of dissolution products; and the third zone is a steady state phase that shows a balance of the two previous zones.
The first zone (absorption zone) from Figure 4 is expanded in Figure 5 . From the best-fit slope (0.0125 cm/hr 1/2 ) the diffusion coefficient for urethane GFRPs in alkaline solution was calculated to be 8.52 x 10 -9 cm 2 /s. This value can be compared with the diffusion coefficient of vinyl ester GFRP which is recorded as 5.36 x 10 -9 cm 2 /s in a previous study. (14) Figure 5 . Linear plot for the early stage absorption into urethane GFRP The former value is 59% higher than the latter value. This differential in diffusivity may be the reason, at least partially responsible, for the huge change in tensile strength observed for urethane GFRP vs. vinyl ester GFRP, 57.5 % vs. 7.7%, respectively.
The same type of absorption study with UMVE GFRP was conducted and the results are plotted according to the Fickian model, shown in Figure 6 . The absorption curves follow the same trend as for urethane GFRP (see Figure 4 ). The samples reached a maximum mass after approximately 5 days of alkaline solution exposure, and then proceeded to follow the same loss of mass as seen with the urethane GFRP samples. However, the UMVE GFRP samples continued to lose mass beyond their original masses which resulted in negative values, as shown in Figure 6 . The mass of the samples stabilized after approximately 130 day exposure in alkaline solution.
The samples' loss of mass below their original starting values would suggest that an attack on the fiber phase by the alkaline solution is more severe in UMVE GFRP than in urethane GFRP.
However, this could not be the case because the tensile strength reduction due to aging is greater with urethane GFRP than with UMVE GFRP. Thus, the mechanism responsible for the reduction in the tensile strength and the loss of mass below the starting value cannot be related at this time. 
Absorption Test with Neat Urethane and UMVE
Twelve urethane neat resin samples were used for absorption experiments. The results are also plotted according to the Fickian model, and shown in Figure 8 . From the data in the early stage, the diffusivity of alkali through the urethane neat resin was found to be 7.8 x 10 -9 cm 2 /s. (Figure 6 ), the neat resin Fickian model reaches its maximum moisture content and maintains it, which suggests that the resin matrix of urethane is not dissolved by the alkaline solution.
The same type of plot is made for the absorption of alkali on the neat UMVE resin samples, and is shown in Figure 9 . From the data in the early stage of the alkali adsorption, the diffusivity was determined to be 7.6 x 10 -9 cm 2 /s, which falls well within the margin of error calculated for the urethane neat resin data (7.8 x 10 -9 cm 2 /s). The alkaline solution diffusion coefficients of the two neat resin samples (urethane and UMVE) confirm that when no glass fiber is present, the diffusion characteristics are very similar. However, when glass fibers are present, the diffusion rate of the alkaline solution through the UMVE GFRP seems to be slightly faster than the urethane. Table 4 The peak / ultimate moisture contents given in Table 4 may present a clue as to the distinct aging behavior between urethane and UMVE GFRPs. It is apparent that the moisture sorption capacity of the neat urethane resin is much greater than that of UMVE neat resin. This can be judged from the two values of the ultimate moisture content, 0.92% vs. 0.4%, respectively. This trend is also revealed in the peak moisture content of the two GFRPs. The peak moisture content of urethane GFRP is almost five times as much when compared to the UMVE GFRP. This large differential may be responsible for the mechanism with which urethane GFRP is more severely aged than UMVE GFRP in spite of the fact the absorption characteristics of UMVE GFRP, such as the loss of mass below its original value, go against this premise. This distinct difference on the peak / ultimate absorption content between urethane resin and urethane modified vinyl ester may be explained in terms of structural characteristics of the two resins in that urethane is more hydrophilic than vinyl ester. (15) • The diffusion coefficients of alkaline solution through urethane and UMVE GFRP samples were 8.52 x 10 -9 and 11 x 10 -9 cm 2 /s, respectively, both of which are higher than that of vinyl ester GFRP (5.36 x 10 -9 cm 2 /s) recorded in a previous study.
• Diffusion coefficients for the neat resin samples were determined to be nearly the same.
The diffusion coefficients for urethane and UMVE neat resin samples were 7.8 x 10 -9 cm 2 /s and 7.6 x 10 -9 cm 2 /s, respectively.
• The peak moisture uptakes of the alkaline solution for urethane and UMVE GFRP samples were significantly different from one another, 0.52% vs. 0.11%, respectively. This differential may be the primary reason for the distinct aging effects of the two GFRP samples, in terms of tensile strength reduction.
